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The actin filament network immediately under the Results and discussion
Although the Arp2/3 complex is widely distributed inplasma membrane at the leading edge of rapidly
moving cells consists of short, branched filaments, the cytoplasm of motile cells, branched networks of actin
filaments nucleated by the Arp2/3 complex are confinedwhile those deeper in the cortex are much longer
and are rarely branched [1–3]. Nucleation by the to the leading edge [2, 3]. The Arp2/3 complex stimulates
polymerization by forming new filaments that grow atArp2/3 complex activated by membrane-bound
factors (Rho-family GTPases and PIP2) is postulated their barbed ends as branches on the side of another
filament [5, 8]. The complex requires activation. Primaryto account for the formation of the branched
network [4, 5]. Tropomyosin (TM) binds along the activators include Listeria ActA, cellular WASp/Scar pro-
teins and cortactin [9]. Actin filaments are secondary acti-sides of filaments and protects them from severing
proteins and pointed-end depolymerization in vitro vators [10]. Cortactin also stabilizes branches [11, 12].
[6, 7]. Here, we show that TM inhibits actin filament
branching and nucleation by the Arp2/3 complex As a step toward understanding how actin binding proteins
activated by WASp-WA. Tropomyosin increases the regulate branching by the Arp2/3 complex, we tested the
lag at the outset of polymerization, reduces the effect of three isoforms of tropomyosin (TM) encoded by
concentration of ends by 75%, and reduces the the -TM gene [13] that corresponds to the TPM1 gene
number of branches by 50%. We conclude that TM in the human genome. We focused on the short TM
bound to actin filaments inhibits their ability to act isoform, TM5a (247 residues), since short TMs are local-
as secondary activators of nucleation by the Arp2/3 ized with actin filaments in the cortex and other regions
complex. This is the first example of inhibition of of nonmuscle cells [14, 15]. We compared the effect of
branching by an actin binding protein. We suggest TM5a with two long TM isoforms, TM2 and striated
that TM suppresses the nucleation of actin filament muscle -TM. TM2 (284 residues) is one of a class of
branches from actin filaments in the deep cortex of TMs found in stress fibers of cultured nonmuscle cells
motile cells. Other abundant actin binding proteins as well as at segment boundaries and in folding epithelial
may also locally regulate the branching nucleation sheets in developing brain [14–16]. Muscle TM was iso-
by the Arp2/3 complex in cells. lated from chicken skeletal muscle. We used the C termi-
nus of WASp or Scar in the form of a dimeric fusion
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ondary activators of the Arp2/3 complex (Figure 2). This
effect of TMwas greater than its weak inhibition of spon-
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Figure 1 Figure 2
The effect of TM on F-actin-nucleated polymerization of actin in the
presence and absence of the Arp2/3 complex and the WASp-WA
domain. The time course of polymerization was followed by measuring
the change in pyrene fluorescence. Conditions: the buffer is the
same as for Figure 1. Proteins: 2 M actin monomer (5% pyrene
labeled), 0.3 M F-actin, 30 nM Arp2/3 complex, 600 nM WA, 1.3
M TM5a. Symbols: solid circle, actin monomer with F-actin, the
Arp2/3 complex, WA domain; open circle, actin monomer with
F-actin, the Arp2/3 complex, WA domain, TM5a; open square, actin
monomer, F-actin; solid square, actin monomer, F-actin, TM5a.
taneous polymerization of actin monomers and elongation
of preexisting filaments (Figure 2). The small effects of
TM in the absence of the activated Arp2/3 complex are
due to stabilizing filaments from fragmentation, inhibiting
the rate of dissociation from the pointed end and, un-
der certain conditions, inhibiting barbed end elongation
[7, 19–22].
The examination of the products of actin filament assem-
The effect of TM on the kinetics of actin polymerization in the presence
bly by the activated Arp2/3 complex using fluorescenceof the Arp2/3 complex and the WASp-WA domain (GST-WA). (a)
microscopy [23] revealed that TM5a reduced the fre-The time course of polymerization was followed spectroscopically with
pyrene-labeled monomeric actin (5%) by monitoring pyrene fluorescence quency of branching more effectively than the two long
[18, 37] at different TM5a concentrations. Conditions: 3 M actin, TM isoforms (Figure 3). The fractional inhibition of
30 nM Arp2/3 complex, 100 nM GST-WA domain, 100 mM KCl,
branching by TM5a was about 50% for all Arp2/3 complex10 mM imidazole (pH 7), 1 mM MgCl2, 1 mM EGTA, 0.2 mM ATP,
concentrations (Figure 3g). Inhibition was similar in sam-0.5 mM DTT, 0.2 mM CaCl2, 0.1 mM NaN3; 22C; 0–5 M TM5a.
Symbols: solid circle, no TM; solid upside-down triangle, 0.1 M; open
square, 0.2 M; solid triangle, 0.5 M; open triangle, 0.75 M;
open upside-down triangle, 1 M; open circle, 2 M; multiplication
solid square, 6.7 M TM2; open square, 20 M striated TM. Thesign, 5 M TM5a; solid square, actin alone. (b) Solid circle, the lag
sequences of the three TMs are identical, except for their ends. Asbefore the initiation of polymerization (initial increase in pyrene
a consequence of alternative promoter selection, striated muscle -TMfluorescence), and open square, the number of ends as a function
and TM2 differ in sequence from TM5a at the N terminus. Exon 1bof TM5a concentration. The concentration of barbed ends produced
encodes residues 1–46 of TM5b, whereas exons 1a and 2 encodeby nucleation was calculated from the rate of elongation with the
a longer N terminus, residues 1–80, of TM2 and striated -TM [13,relationship, rate  k (actin monomer) (ends), where k is 10
39]. Striated muscle -TM differs in two ways from the other isoforms:M1s1[33]. The rate of subunit dissociation is negligible and was
an alternate exon encodes a unique C terminus, and the N-terminalignored. (c) The effect of different TM isoforms on the rate of
Met is acetylated during synthesis in muscle.polymerization of actin in the presence of the Arp2/3 complex and
the WASp-WA domain. Solid circle, no TM; open circle, 2 M TM5a;
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Figure 3 nucleation mixture, followed by the addition of rhoda-
mine-phalloidin at different time intervals to visualize the
filaments. Fluorescence microscopy showed that TM did
not increase the rate of dissociation of theArp2/3 complex-
nucleated branches (data not shown.)
Saturating concentrations of skeletal muscle TM had no
effect on ATP hydrolysis or phosphate release from poly-
merized actin. For both types of experiments, polymeriza-
tionwas achieved rapidly bymixing 5Mactinmonomers
with 5Mpolymerized actin. The time course of hydroly-
sis, followed using a quenched-flow assay, was the same
with actin alone or with 20 M TM. Phosphate dissocia-
tion lagged behind polymerization with a rate constant of
0.0028 s1, in this study and [25], and 10 M TM had
no effect on the time course of phosphate dissociation
(0.003 s1). This concentration of TM binds to actin fila-
ments with a half-time of 100–200 msec, given its associa-
tion rate constant of about 4  106M1s1 [26, 27].
The simplest interpretation of our data is that TM reduces
the ability of filaments to stimulate nucleation by the
Arp2/3 complex by competing with the Arp2/3 complex
for binding sites on the sides of actin filaments. Since side
binding, nucleation, and branching are mechanistically
coupled [23, 28], simple competition can account for how
TM inhibits the formation of new branches. Control ex-
periments ruled out two other mechanisms. Since phos-
phate dissociation from daughter filaments reduces their
affinity for the Arp2/3 complex and promotes debranching
The effect of TM on the formation of filament branches. The products [24], TM might promote the dissociation of branches by
of nucleation by the Arp2/3 complex were visualized by fluorescence accelerating ATP hydrolysis and phosphate dissociation.
microscopy [23]. Conditions: the buffer is the same as for Figure 1, Alternatively, TM might actively promote debranching.except rhodamine-phalloidin equimolar to the actin was added.
However, we observed no effect of TM on these pro-Proteins: 2 M actin monomer, 10–60 nM Arp2/3 complex, 1 M
Scar-WA domain. (a–c) The Arp2/3 complex, 10 nM, 40 nM, and cesses. Thus, the available evidence favors the inhibition
60 nM, respectively, without TM; (d–f) same as previously, in the of branch formation on TM-actin filaments.
presence of 5 M TM5a. (g) Bar graph: solid bars, no TM; open
bars, 5 M TM5a; dotted bar, 10 M TM2; hatched bar, 10 M
striated TM. Polymerization proceeded for 20 min, was quenched On the other hand, two observations suggest that the
by dilution, and was immediately applied to polylysine-coated inhibition of branching by TM involves more than simple
coverslips for visualization on the microscope. binding of TM to actin filaments. First, no TM fully
inhibited branching nucleation by the Arp2/3 complex,
even at concentrations that saturate the actin filaments.
Second, the ability of TMs to inhibit branching nucleationples taken during the time course of polymerization or at
the end of the reaction. Formost experiments, rhodamine- is not directly related to their affinities for actin filaments.
TM5a is the best inhibitor, followed by TM2 and thenphalloidin was present during the polymerization reaction
to visualize the filaments and to stabilize the products skeletal TM, while their relative affinities for actin fila-
ments are TM5a  skeletal -TM  TM2 [29]. Thisby inhibiting phosphate dissociation from ADP-Pi actin
filaments [23, 24]. In the pyrene fluorescence assay, rho- may reflect the flexibility of TM and its ability to occupy
multiple positions on the actin filament and that particulardamine-phalloidin had little effect on the ability of TM
to inhibit the nucleation of actin polymerization by the isoforms favor certain positions. For example, skeletal
muscle -TM and TM5a occupy different positions [30].Arp2/3 complex, indicating that TM binds to phalloidin-
stabilized filaments. We suggest that some TM positions are more effective
than others in blocking binding of the Arp2/3 complex to
the side of the filament. Additional actin binding proteinsTo learn if TM promotes the dissociation of branches, we
polymerized actin in the presence of the Arp2/3 complex may enhance the inhibition of the Arp2/3 complex in the
way troponin in striated muscle enhances the ability of(without phalloidin) and then added excess TM to the
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TM to block myosin binding to thin filaments in the Polymerization assays
The time course of ATP hydrolysis by polymerized actin filaments wasabsence of Ca2 (reviewed in [31]).
measured by elongating actin filaments with actin monomers with bound
Mg-[32P]ATP. Samples were mixed, allowed to react, and quenched
with sulfuric acid with a Kintek quenched-flow device (L.B. and T.D.P.,The density of branched filaments at the leading edge
unpublished data). The time course of the release of phosphate from
[2, 3] suggests that dendritic nucleation is favored on ADP-Pi actin filaments was measured with the MESG-coupled enzyme
newly formed actin filaments near the plasma membrane. system [25]. The buffer was the same as in Figure 1, except the KCl
concentration was 50 mM.Newly formed actin filaments may be favored for
branching because they have not yet bound TM. The
Other methods are described in the figure legends.concentration of TM in chicken embryo fibroblasts and
human blood platelets is sufficient to saturate 30%–50%
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